Glycogen storage disease type II (GSDII) is an autosomal recessive lysosomal disorder caused by mutations in the gene encoding alpha-glucosidase (GAA). The disease can be clinically classified into three types: a severe infantile form, a juvenile and an adultonset form. Cases with juvenile or adult onset GSDII mimic limb-girdle muscular dystrophy or polymyositis and are often characterized by respiratory involvement. GSDII patients are diagnosed by biochemical assay and by molecular characterization of the GAA gene. Ascertaining a natural history of patients with heterogeneous late-onset GSDII is useful for evaluating their progressive functional disability. A significant decline is observed over the years in skeletal and respiratory muscle function. Enzyme replacement therapy (ERT) has provided encouraging results in the infantile form. It is not yet known if ERT is effective in late-onset GSDII. We examined a series of 11 patients before and after ERT evaluating muscle strength by MRC, timed and graded functional tests, 6-minute walk test (6MWT), respiratory function by spirometric parameters and quality of life. We observed a partial improvement during a prolonged follow-up from 3 to 18 months. The use of different clinical parameters in the proposed protocol seems crucial to determine the efficacy of ERT, since not all late-onset patients respond similarly to ERT.
Introduction
Glycogenosis type II (GSDII) is an autosomal recessive disorder which can be clinically classified into three types (severe or infantile, juvenile and adult onset). In the severe infantile form of GSDII (Pompe disease) there is a marked hypotonia and cardiomyopathy due to acid alphaglucosidase (GAA) deficiency. In the juvenile or adult forms, named late-onset GSDII, a residual enzyme activity is usually found [Angelini and Engel, 1972] . Late-onset GSDII mimics limbgirdle dystrophy or polymyositis [Angelini and Nascimbeni, 2007] and might also be frequently characterized by a marked respiratory involvement with restrictive respiratory insufficiency [Pellegrini et al. 2005; Laforet et al. 2000; Margolis and Hill, 1986] . The diagnosis can be missed in a routine muscle biopsy, since the classical vacuolar pathology, revealed only by acid phosphatase and PAS stain, might be scarcely detectable in which case additional biochemical and molecular analysis are required [Nascimbeni et al. 2008] . Sometimes GSDII is revealed by drug use such as statin [Voermans et al. 2005] . The natural history of the late-onset disease is still poorly investigated, because of its heterogeneous course, and because available studies have collected data only through a questionnaire [Hagemans et al. 2005a] or have investigated retrospectively the disorder [Hagemans et al. 2005b ]. In several late-onset cases there is a lack of correlation between limb muscle weakness and respiratory function [Pellegrini et al. 2005 ].
The gene encoding GAA is 20 kb in size, maps to chromosome 17q22-qter [D'Ancona et al. 1979] , and is translated into a 110 kDa peptide, the inactive precursor, which is translocated from the Golgi apparatus to lysosomes, where it is shortened to 76 and 70 kDa peptides, forming the mature enzyme. Proteolytic processing appears to be required for optimal activity towards the natural substrate, glycogen. During this process, there is a 7-to 10-fold increase activity of the enzyme. The mature form is assembled in a larger molecular mass multicomponent enzyme complex [Moreland et al. 2005] . There is an inverse correlation between the level of residual enzyme activity and clinical manifestations [Reuser et al. 1987; Mehler and DiMauro, 1977] . Enzyme level and lysosomal glycogen content appear to be useful to predict the age of onset in GSDII patients. ERT is currently available for late-onset GSDII patients, but the study of the natural history of such patients should be conducted before ERT in order to evaluate the efficacy of ERT and because the treatment is expensive and needs strict selection criteria. We report the results of a study on a cohort of 11 late-onset GSDII patients, describing their clinical response and changes of functional ability during a prolonged period of ERT.
Methods

Inclusion criteria
This clinical study was conducted according to the principles of the Declaration of Helsinki, and informed consent was obtained from participating patients. The inclusion criteria for GSDII patients in the study were:
1. Age at treatment ranging from 20 to 70 years. 2. Levels of GAA activity below 30% of control, measured either in skeletal muscle or leukocytes. All centers diagnosed their patients on the basis of biochemical assay. Molecular analysis was also performed in six patients from various centers. 3. Patients were symptomatic; that is, at least grade 2 on the Gardner-Medwin and Walton functional scale, with the exception of one asymptomatic patient with only hyperCKemia.
Clinical and instrumental examinations
Patients were evaluated with routine blood exams, ECG, echocardiography, spirometry, and a series of clinical functional tests (Table 1) .
Muscle strength
Manual muscle testing (MMT) was done in the following muscle groups: deltoid, biceps brachii, triceps brachii, intra/extra rotators of arms, iliopsoas, quadriceps femoris, thigh abductors, thigh adductors, tibialis anterior, tibialis posterior, neck flexors and neck extensors.
Muscle strength in the above-mentioned muscles was assessed according to the expanded Medical Research Council (MRC) scale. While this scale is satisfactory for routine clinical examination, in myopathic patients the subdivision in þ or À is desirable in which a plus sign corresponds to an increase of one-third of the score point and the minus sign corresponds to a decrease of one-third of the score point.
Functional performances (GSGC score)
We obtained a baseline score of late-onset GSDII patients by timing and grading the four GSGC functional performances; that is, walking for 10 meters (Gait), climbing four steps on a stair (Stair), Gower's manoeuvre (Gower's), rising from a chair (Chair) (Table 2, Figure 1 ) and also examined the lifting of proximal upper limbs according to a standardized protocol ( Table 2) . Similar data were previously collected in an open trial with albuterol in late-onset GSDII patients [Angelini et al. 2004 ]. The GSGC score obtained adding the grades of the four functional tests varied from a minimum of 4 (normal performances) to a maximum of 27 (worst score) and was validated in the clinical follow-up of GSDII cases as well as in Duchenne muscular dystrophy [Angelini, 2007] .
Six-minute walk test (6MWT)
This test was performed as a measurement of functional endurance during prolonged ambulation. The 6MWT was performed as a standard walk in a long hospital corridor. We choose a 25-meter course divided in squares to measure length covered during a 6-minute timed walk. The 6MWT is an important test in monitoring GSDII patients, and a well-established measurement of functional endurance that has been used to monitor changes resulting from various interventions in studies of cardiac and pulmonary disease [Wokke et al. 2008; Florence et al. 2006 ]. For the baseline, two administrations of the test were undertaken followed by one administration during the course of therapy, similar to that adopted by Wokke et al. [2008] . The healthy adult control subjects cover a distance of 698þ/À 96 meters [Gibbons et al. 2001] . Informed consent 
Additional instrumental tests
Spirometric evaluations were performed in sitting position and forced vital capacity (FVC) was expressed in litres. Serial evaluations of FVC were used in follow-up.
Quality of life
This was considered an additional useful parameter to evaluate these disabled patients. In order to measure the quality of life we used the 36-item short form (SF-36) scale in four of eleven patients. The SF-36 was administered by selfreport at baseline and after treatment.
Statistical analysis
All statistically analyses were conducted by a staff statistician. For normally distributed variables (FCV, 6MWT), the repeated measures variance analysis (ANOVA test) was performed to disclose first order interaction effects (i.e. patient ventilation or overnight ventilation versus patients in spontaneous breathing). For ordinal variables (i.e. GSGC score) the Wilcoxon test for paired data was used. Significant level was set at p50.05.
Results
A cohort of 11 late-onset Italian GSDII patients have been diagnosed in three collaborating University Centers (Padova, Verona and Brescia). We collected the most relevant clinical features in 11 patients and found a wide clinical heterogeneity (Table 3 ). The age of onset, characterized mostly by proximal lower-limb muscle weakness, ranged from 15 to 42 years. Most clinical diagnosis was done between 15 and 54 years. At the beginning of ERT, the disease duration ranged from 5 to 24 years. Only one patient (n.7) required overnight respiratory support. Nutritional and exercise therapy, consisting of low carbohydrate, hyperproteic diet and regular aerobic submaximal exercise, was followed by nine patients (two patients were wheelchairbound).
We investigated whether the clinical phenotype of our patients was correlated with the level of residual enzyme activity or to the type of the mutations in both mutant alleles. We found no firm genotype-phenotype correlations, except 1 ¼ Starting from the arms at the sides, the patient can move the arms in a full circle till they touch above the head and can lift a glass of water to above eye level 2 ¼ Can range the arms as above but not lift weight 3 ¼ Lifts arms over head, but must flex elbows or use accessory muscles 4 ¼ Unable to lift arms above eye level 5 ¼ Unable to lift arms above shoulder level Time to lift arms: . . . s Therapeutic Advances in Neurological Disorders 2 (3) for the presence of the common leaky splice mutation IVS1 (À13T!G) that was found in five of six patients with complete molecular characterization. One patient (n.3) was a compound heterozygote for two different mutations. Therefore, molecular data do not seem to be useful in predicting the natural course of the disease. The extent of muscle fibre vacuolization varied in different patients from a widespread vacuolar myopathy to a mild nonspecific myopathy ( Figure 2 ).
Our clinical protocol has been used to collect data from adult-onset GSDII patients. The overall tests were done in about 2 hours. In this protocol, we determined the clinical phenotype of GSDII by various parameters including age of disease onset and muscle group involvement. The measurement of muscle strength by manual muscle testing did not reveal any significant improvement during ERT. The 6MWT was performed every 3 months, to record meaningful functional data for ambulating late-onset patients (Figure 3) . This was the most useful test in indicating changes during treatment since several patients improved in the 6MWT (Figure 3) . Two patients had a walking time over 400 meters, two patients were unable to walk and one had to stop the test for secondary reaction to treatment. The only patient who, after an initial improvement, walked a shorter distance at 12 months had an accidental fall, followed by 1 month of forced immobility. The same patient is shown on the functional analysis in Figure 4 . This patient improved for up to 6 months (decreasing performance time), and then increased after 6 months for her accidental fall. GSGC score was followed in six patients, who after a variable period of ERT showed a decreased functional performance time. In late-onset GSDII patients, respiratory muscles are often severely involved. We therefore periodically monitored FVC by spirometry to careful monitor the diaphragmatic weakness ( Figure 5 ). There was a wide range of variation in individual respiratory capacity. We observed only a partial response in FVC. Most patients remained stable, and one patient had a slight increase from 0 to 18 months. One patient in overnight ventilation was monitored through a diary but she did not improve.
Three patients underwent an evaluation of quality of life by SF-36 ( Figure 6 ). Patient n.6 had a mild improvement of mental health but not of bodily pain; conversely, patient n.7 had a mild improvement in bodily pain but not in mental health and role physical. One patient (n.8) stopped ERT after 3 months due to a moderate adverse reaction consisting of facial edema, oral paresthesia and tachycardia.
Discussion
The results of treatment of late-onset GSDII are still poorly documented. Several therapeutic strategies are becoming available in the treatment of GSDII; for example, ERT, nutritional studies and use of chaperones. ERT with recombinant alpha-glucosidase (rGAA) became available in 2006, based on studies in infants both in the US and Europe [Hagemans et al. 2007; Klinge et al. 2005; Raben et al. 2004] . The results of an 18-month, randomized, placebo-controlled trial in a large cohort of juvenile and adult patients have been recently presented at the Annual meeting of the 60th American Academy of Neurology [van der Ploeg et al. 2008a ] and at the 12th Annual meeting of the European Federation of Neurological Societies [van der Ploeg et al. 2008b] . A series of 90 patients older than 8 years of age, randomized between ERT and placebo were analyzed. In this study, ERT improved walking up to a certain period and prevented pulmonary decline compared with placebo. Only a few late-onset cases have been fully reported.
This trial was planned to determine the efficacy of ERT versus placebo infusion and used both the 6MWT and respiratory function as primary end-points. Our study was not sponsored by the enzyme-producing company (Genzyme) and our multicentric evaluation is worthy as an independent study to evaluate the response of Table 3 . Clinical and molecular data of 11 adult GSDII patients.
Pt, sex
Age at onset [Winkel et al. 2003 ]. The fact that only few reports have appeared shows that it is difficult to compare the effect of ERT in late-onset cases, because of the heterogeneous course of late-onset cases. Our protocol takes advantage of the condition in which Myozyme ERT (Genzyme) is given to any late-onset GSDII patients and it is important since three neuromuscular centers evaluated his efficacy independently. Furthermore, this study is mainly directed to verify the protocol use in the follow-up of GDSII cases. This protocol in late-onset cases is novel and relevant for future application in Europe. ERT is extremely expensive and labour intensive, involving infusion every 2 weeks for the remainder of the patient's life.
The metabolic condition of each patient (nutritional and exercise therapy) might determine different responses in individual patients. We have also to consider possible individual idiosyncratic reactions to Myozyme -this indeed happened in one of our patients that had to discontinue the treatment.
A goal of our protocol was to carefully monitor the disease in patients with late-onset GSDII. The progression of the disease might be due not only to the increasing accumulation of glycogen, which is focal in some fibers, but also to the disuse muscle fiber atrophy and to organelle membrane remodelling that may contribute to the overall disability. The use of ERT may not be the only way to manage late-onset GSDII cases. Indeed, the efficacy of such therapy was not clearly observed in advanced cases with extensive vacuolization and interstitial tissue replacement, due to the progress of irreversible damage on muscle fibres and tissue structure. It seems that the most responsive patients were those able to do physical exercise and did not have extensive connective tissue replacement.
In the juvenile and adult forms of GSDII, Slonim et al. [2007] has advocated a high-protein diet as an effective treatment. Proteins are important to antagonize muscle protein waste, due to cathepsin activation and consequent hypercatabolism of skeletal muscle. Slonim et al. [2007] reported a beneficial effect of a high-protein diet, supplemented by L-alanine and exercise therapy (NET). According to their observations, NET stopped deterioration in muscle function and caused either improvement or stabilization in compliant patients. The main problem of this retrospective study is that two factors (exercise and diet) were simultaneously analysed, and that the criteria to identify compliant and noncompliant cases were uncertain; however this treatment might be particularly useful to manage muscle fiber atrophy and wasting and possibly combine with ERT.
Overall, maintaining good diet with attention to macro and micro nutrition is important. We therefore advised diet and exercise protocol in all GSDII patients that are in treatment, although such a strict regimen was not followed. However, we observed that the best responders were the patients that were able to constantly follow both an exercise protocol and an accurate diet.
